We examined how predicted end of century ocean warming and acidification scenarios affected the incidence of apoptosis in the eggs and nauplii of the copepod Calanus helgolandicus. Offspring viability was not affected by 1000 ppm CO 2 -acidified seawater, whereas the effects of 2 and 48C warming were dependent upon the batch of eggs used; warming increased viability in the second batch. This context-dependency highlights the need for cautious interpretation and application of data from individual climate-change studies.
Copepods from the genus Calanus are central to the functioning of northern marine ecosystems: they represent the interface between primary producers and fish (Beaugrand and Kirby 2010) ; their faecal pellets can dominate the vertical export of carbon (Bathmann et al., 1987) . Progressive warming of the North Sea and Northeast Atlantic is driving major changes to the biogeographical distribution of C. helgolandicus and C. finmarchicus (Beaugrand et al., 2002) . The 70% decline in the total biomass of Calanus spp. across the same region over the past 50 years has also been attributed to environmental warming (Edwards et al., 2006) , although the underlying mechanism(s) remains elusive.
Increases in ocean temperature are occurring concurrently with the phenomenon of ocean acidification, the progressive reduction of seawater pH due to increased dissolution of anthropogenic carbon dioxide (CO 2 ) in surface waters (Caldeira and Wickett, 2003) . The surface ocean is expected to be between 2 and 48C warmer and between 0.2 and 0.4 pH units lower by the end of this century as atmospheric CO 2 concentrations approach 1000 ppm (Caldeira and Wickett, 2003; IPCC, 2007) . The few published studies that have examined ocean acidification impacts on marine copepods, including only a single study using Calanus as the test organism, document significant negative impacts on egg hatching success and naupliar survival at CO 2 concentrations 5000 ppm (Kurihara et al., 2004; Mayor et al., 2007) . The individual and combined effects of predicted end of century ocean warming and acidification scenarios on Calanus spp. are currently unknown.
Programmed cell death, or apoptosis, is essential for the maintenance of cellular health and embryonic development and it can be up-or down-regulated in response to a range of external stressors (reviewed by Menze et al., 2010) . Recent work has demonstrated that CO 2 -induced acidification significantly reduces the expression of genes that positively and negatively regulate apoptosis in the larvae of the purple sea urchin, Strongylocentrotus purpuratus (Todgham and Hofmann, 2009) . The net result of such effects remains unknown. Apoptotic cells are readily discerned using fluorescent staining techniques, such as TUNEL (TdT-mediated dUTP Nick End Labelling), and a growing number of studies have used this method for determining the viability of copepod eggs and nauplii (see Buttino et al., 2011 and references therein) . Previous work on rat liver samples indicated that the TUNEL assay did not discern between apoptosis and necrosis (Grasl-Kraupp et al., 1995) . However, a more recent study using DNA-laddering illustrated that TUNEL-staining of C. helgolandicus embryos was due to apoptosis (Romano et al., 2003) . TUNEL staining can be applied to formaldehyde-fixed samples, making it particularly attractive for use in studies that generate large numbers of potentially time-sensitive samples. It can also be used to provide information on naupliar health and development (Ianora et al., 2004) . The present study employed TUNEL staining to examine how predicted end of century temperature and ocean acidification scenarios, both individually and in combination, affected the incidence of apoptosis in the eggs and nauplii of C. helgolandicus. Our factorial experiment examined how egg viability was affected by ambient ( 380 ppm CO 2 ; 38.5 Pa) and 1000 ppm CO 2 (101.3 Pa) and 8, 10 and 128C using two independent batches of maternal copepods.
Experimental animals were collected off Stonehaven, NE Scotland (56857.8 0 N, 02806.2 0 W) on 6 June 2011 and 14 June 2011 during which the percentage abundance of C. helgolandicus:C. finmarchicus was 100:0 and 82:18% and the ambient temperature was 10.0 and 10.38C, respectively (K. Cook, unpublished results). Carboys of 0.2 mm filtered seawater (FSW) at the three experimental temperatures were equilibrated with air containing either ambient or 1000 ppm CO 2 . The latter was achieved by gently bubbling with commercially purchased compressed air containing 1000 ppm CO 2 (BOC Special Gases, UK) via sintered glass gas distribution tubes (Mayor et al., 2007 Table SI ). All pH measurements were made with a Hanna bench top meter (H1859) following calibration using reference standards at pH 4, 7 and 10 (Sigma, UK).
Bulk batches of eggs were produced by incubating groups of .400 adult female C. helgolandicus for 24 h in 350 mm mesh-bottomed buckets that were immersed in control, FSW at 88C. The resulting eggs were gently concentrated on a 45 mm mesh. Five replicate batches of 50 eggs were counted into 75 mL incubation bottles containing either ambient or CO 2 -enriched FSW at 8.0, 10.0 and 12.08C. The incubation bottles were subsequently topped up and sealed to prevent out gassing and then incubated for 72 h at the corresponding temperature to provide the eggs sufficient time to hatch . The experiment was repeated twice, using the eggs of females collected on the two aforementioned dates. Eggs and any nauplii were fixed with 4% borax-buffered formaldehyde at the end of the experiment and stored for .24 h prior to further analysis. The viability of eggs was examined using a TUNEL staining kit (Invitrogen, C10245) following the manufacturer's instructions and previously published methods (Romano et al., 2003) . In brief, eggs and nauplii were initially incubated in chitinase and Triton X-100 solutions to permeabilize the outer and inner membranes, respectively. Samples were subsequently incubated with Terminal deoxynucleotidyl Transferase enzymes and stained with Alexa Fluor w 488 dye using the Click-iT w reaction. This stain has fluorescence excitation and emission maxima at 495 and 519 nm, respectively. Fluorescent eggs and nauplii were enumerated using a Zeiss Axiovert 25 microscope fitted with an HBO mercury lamp. Statistical analyses were conducted in the R v2.11.1 programming environment (R Development Core Team, 2010) . The relationship between hatching success and the proportion of fluorescent eggs and nauplii was examined with a generalized linear model (GLM) using a quasibinomial distribution. The effects of the nominal variables temperature (levels ¼ 8, 10, 128C), CO 2 concentration (levels ¼ 380, 1000 ppm CO 2 ) and maternal batch (levels ¼ 1, 2) on egg hatching success were similarly analysed with a GLM using a quasibinomial distribution. The proportion of fluorescent eggs and nauplii was also analysed in this manner. In both the cases, the optimal model was backwards selected from the full model, which contained a three-way interaction between all explanatory variables, using a ¼ 0.01.
We report a highly significant, negative relationship between hatching success and the proportion of fluorescent eggs and nauplii (F ¼ 27.66, df ¼ 1, 58, P , 0.001; Fig. 1 ), demonstrating that TUNEL staining can be used as a robust proxy for viability. The concentration of CO 2 had no discernable effect on egg hatching success (F ¼ 0.375, df ¼ 1, P ¼ 0.523; Fig. 2) or the observed proportion of apoptotic eggs and nauplii (F ¼ 2.133, df ¼ 1, P ¼ 0.150; Fig. 3A) . Previous studies have reported that the hatching success of C. finmarchicus and Acartia erythraea eggs spawned and incubated in seawater equilibrated with 8000 and 10 000 ppm CO 2 , respectively, is significantly reduced (Kurihara et al., 2004; Mayor et al., 2007) . The effects of less severe acidification scenarios, more representative of those likely to occur as a result of future atmospheric CO 2 accumulation, on Acartia spp. are less pronounced: eggs of A. erythraea spawned and incubated in seawater acidified with 2000 ppm CO 2 did not display reduced hatching success or naupliar survival (Kurihara et al., 2004) and only marginal effects have been observed in A. tsuensis (Kurihara and Ishimatsu, 2008) . The data presented herein support the understanding that hatching success in marine copepods will remain unimpaired by CO 2 concentrations 2000 ppm, although we note that our present experimental design excluded any potential prefertilization effects. This finding contrasts with the highly susceptible nature of eggs from Antarctic krill, Euphausia superba, which almost completely fail to hatch at 2000 ppm CO 2 . Potential mechanisms underpinning CO 2 -induced reproductive failure in marine crustaceans have previously been discussed (Mayor et al., 2007) , but supporting data are currently lacking. It is therefore not currently possible to explain why hatching success differs so greatly between copepods and krill.
Hatching success was significantly higher in the second batch of eggs (F ¼ 33.224, df ¼ 1, P , 0.001; Fig. 2 ) but was not affected by temperature (F ¼ 2.267, df ¼ 1, P ¼ 0.113). In contrast, temperature effects on the proportion of apoptotic eggs and nauplii were dependent upon the maternal batch (temperature:maternal batch interaction; F ¼ 5.539, df ¼ 2, P ¼ 0.006; Fig. 3B) ; in the second experiment, increasing temperature had a negative effect on the proportion of stained eggs and nauplii, i.e. viability increased. The difference between results derived from egg hatching success and TUNEL staining reflects the ability of the latter to also incorporate information on the nauplii (Ianora et al., 2004) . It is possible that the batch-dependent effect of temperature on offspring viability reported herein reflects the presence of some C. finmarchicus eggs in our second experiment. However, any differences between the response of C. finmarchicus and C. helgolandicus eggs would increase the variability of the staining data. Such an effect was not apparent. We therefore suggest that the batchdependent effect of temperature on the proportional occurrence of apoptosis in the eggs and nauplii reflects the fact that the groups of females used to produce eggs for the two experiments were acclimatized to different temperatures prior to capture (Hansen et al., 2010) . A previous factorial study that examined the effects of end of century ocean warming and acidification also reported that temperature, and not pH, affected the early development of the sea urchin, Heliocidaris erythrogramma (Byrne et al., 2009), and, similarly, attributed this to parental thermal history. Nevertheless, we cannot exclude the effect of maternal nutritional/energetic history in our experiments (Vargas et al., 2006; Mayor et al., 2009; Yoshida et al., 2011) . Future experiments involving parental generations acclimated to different temperature regimes are required to further our understanding of maternal history effects and the potential for organisms to adapt to a warming environment. The finding that temperature effects on apoptosis differed between the two experiments is important because it highlights that the results of climate-change (and other) studies may be context-dependent. Similar, context-dependent effects of CO 2 concentration on the viability of E. superba eggs were recently reported . Irrespective of the mechanism(s) underlying these observations, we assert that they collectively demonstrate the need for careful interpretation of data derived from climate-change impact studies. Environmental manipulation experiments are almost invariably time-consuming and labour intensive, particularly when working with small, delicate planktonic organisms. These issues place major constraints on the practicable number of replicates within and between experiments; many experiments are, understandably, conducted only once. It is important that the conclusions derived from such studies are tempered to reflect the possibility that the outcome could differ if the experiment was conducted at a different time, or with a different batch of test organisms.
Any factor that influences progeny viability has the potential to drive changes at the population scale. The paucity of detailed information on how environmentally relevant ocean acidification and warming scenarios affect zooplankton physiology and their capacity for acclimation currently restricts our ability to reliably predict future impacts.
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